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Abstract: In Western countries, stroke is the third-most cause 
of death; 35– 55% of the survivors experience permanent 
disability. Mild therapeutic hypothermia (TH) showed 
neuroprotective effect in patients returning from cardiac arrest 
and is therefore assumed to decrease stroke induced cerebral 
damage. Recently, an intracarotid cooling sheath was 
developed to induce local TH in the penumbra using the 
cooling effect of cerebral blood flow via collaterals. 
Computational modeling provides unique opportunities to 
predict the resulting cerebral temperature without invasive 
procedures. In this work, we generated a simplified brain 
model to establish a cerebral temperature calculation using 
Pennes’ bio-heat equation and a 1D hemodynamics model of 
the cranial artery tree. In this context, we performed an 
extensive literature research to assign the terminal segments of 
the latter to the corresponding perfused tissue. Using the 
intracarotid cooling method, we simulated the treatment with 
TH for different degrees of stenosis in the middle cerebral 
artery (MCA) and analyzed the resulting temperature spatial-
temporal distributions of the brain and the systemic body 
considering the influence of the collaterals on the effect of 
cooling. 
Keywords: local therapeutic hypothermia, collaterals, 
intracarotid cooling, targeted temperature management, 
computational temperature modeling, ischemic stroke  
1 Introduction 
One method of mitigating the effects of stroke is mild 
therapeutic hypothermia (TH). It aims at a neuroprotective 
effect by lowering the patient's body temperature. The current 
standard method is superficial cooling, which involves a high 
risk of cardiac arrhythmia, pneumonia and edema. In this 
context, it has been shown, that it is safe and more effective to 
perform local hypothermia invasively. [1] Toward this end, a 
novel intracarotid cooling catheter was developed to induce 
local TH in the penumbra using the cooling effect of cranial 
blood flow via ipsilateral collaterals [2]. An emerging problem 
concerns the possibility of monitoring and thus regulating the 
novel cooling system. In this work, we established a 
computational model to predict the cerebral temperatures 
induced by local TH in ischemic stroke patients without 
invasive procedures. Our temperature calculation is based on 
the coupling of a 1D hemodynamics model of the complex 
cerebral vascular system with a simplified brain geometry via 
Pennes’ bio-heat equation.  
2 Methods 
Cerebral temperature is mainly affected by the blood perfusion 
rate 𝑣𝑏𝑙 , which is defined as the blood flow 𝑞𝑏𝑙  per perfused 
tissue volume V and is part of Pennes’ bio-heat equation [3]: 
𝑣𝑏𝑙 =
𝑞𝑏𝑙
𝑉
.   (1) 
𝑞𝑏𝑙  is calculated by a 1D hemodynamics model, which 
contains the cranial arterial system for the most common 
occurrences (~64% [4]) of the cerebral arteries, including 14 
ipsilateral collaterals [5]. The hemodynamics model 
establishes 58 terminal supply areas to be coupled with a brain 
geometry. The use of the hemodynamics model requires 
values of the mean flows 𝑞𝑡𝑒𝑟𝑚, 𝑖 for the individual terminal 
segment 𝑖 in the physiological state. In our work, we 
determined them using eq. (1):  
𝑞𝑡𝑒𝑟𝑚, 𝑖   = 𝑣𝐺𝑀 ∙  𝑉𝑡𝑒𝑟𝑚, 𝑖 𝐺𝑀   + 𝑣𝑊𝑀 ∙ 𝑉𝑡𝑒𝑟𝑚, 𝑖 𝑊𝑀 ,      (2) 
with 𝑣𝐺𝑀 and 𝑣𝑊𝑀    being the perfusion rates of grey (GM) and 
white matter (WM) by Parkes et al. [6] and 𝑉𝑡𝑒𝑟𝑚, 𝑖 = 𝑉𝑡𝑒𝑟𝑚, 𝑖 𝐺𝑀   
+ 𝑉𝑡𝑒𝑟𝑚, 𝑖 𝑊𝑀   being the volume of the supply area of the 
terminal segment 𝑖. The tissue volumes and composition, as 
well as perfusion rates depend on age and gender. All 
parameters used in this work consider a 60-year-old man. 
Tissue Distribution  
To determine the size and the tissue distribution for the 
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 individual terminal supply areas, we followed a top-down 
approach based on literature. The fluxes 𝑞𝑡𝑒𝑟𝑚, 𝑗 through the 
individual cerebral main artery (CA) 𝑗 known from the 
literature [7] were used as boundary conditions:       
                                  ∑ 𝑞𝑡𝑒𝑟𝑚, 𝐴𝐶𝐴
!
;= 1.4
𝑚𝑙
𝑠
,
              ∑ 𝑞𝑡𝑒𝑟𝑚, 𝑀𝐶𝐴
!
;= 2.6
𝑚𝑙
𝑠
,            ∑ 𝑞𝑡𝑒𝑟𝑚, 𝑃𝐶𝐴
!
;= 1.0
𝑚𝑙
𝑠
,    
(3) 
with ACA and PCA being the anterior and posterior cerebral 
artery. In a first step, we determined the volumes 𝑉𝑡𝑜𝑡𝑎𝑙𝐺𝑀  and 
𝑉𝑡𝑜𝑡𝑎𝑙𝑊𝑀 of the total cerebral GM and WM using a mean value 
of the entire cerebral volume 𝑉𝑏𝑟𝑎𝑖𝑛 = 1355 𝑐𝑚3
 [8] and its 
relative tissue composition investigated by Ge et al. [9] and 
Taki et al. [10]. We distinguished GM belonging to the cortex 
and subcortical GM. Secondly, we divided 𝑉𝑡𝑜𝑡𝑎𝑙𝐺𝑀  and 
𝑉𝑡𝑜𝑡𝑎𝑙𝑊𝑀 into 𝑉𝑗  using the known cerebral artery portion of the 
brain’s total supply [11]. Thus, the volumes 𝑉𝑗 represents the 
supply area of the respective CA. Taking eq. (3) into account, 
the division of 𝑉𝑗  into volumes of GM and WM was possible:  
𝑉𝑗, 𝐺𝑀 =
𝑞𝑡𝑒𝑟𝑚, 𝑗−𝑉𝑗∙𝑣𝑊𝑀  
𝑣𝐺𝑀−𝑣𝑊𝑀
  𝑉𝑗, 𝑊𝑀 = 𝑉𝑗 − 𝑉𝑗, 𝐺𝑀 .
In the last step, we studied the courses and locations of the 
terminal segments and their supply areas to divide 𝑉𝑗, 𝐺𝑀 and 
𝑉𝑗, 𝑊𝑀 into 𝑉𝑡𝑒𝑟𝑚, 𝑖 𝐺𝑀  and 𝑉𝑡𝑒𝑟𝑚, 𝑖 𝑊𝑀  in an extensive literature 
research. We assumed that 𝑉𝑗  is evenly distributed among all 
terminal segments of the respective CA. Our approach led to 
terminal supply areas consisting 
 exclusively of cortical grey matter,  
 exclusively of subcortical grey matter or  
 of grey and white matter. 
 
 
 
 
 
Simplified Geometry  
The head geometry illustrated in Fig. 1 b) consists of the 
cerebrum including the ventricles and an outer shell. We 
considered 𝑉𝑏𝑟𝑎𝑖𝑛 as well as an average brain length, width and 
depth of 17 cm, 11 cm and 13 cm according to Berry [12]. The 
geometry was constructed considering the volumes of the 
terminal supply areas and the anatomical locations. We 
incorporated an even cortex thickness and the insula for both 
hemispheres. The brain geometry was covered by layers 
representing the subarachnoidal space, the dura mater, the 
skull and the derma with an average thickness of 
2.40 mm [13], 0.55 mm [14], 5.36 mm [15] and 3.46 mm [16-
17] respectively. A sagittal view of the geometry and its layers 
is shown in Fig. 1 a).  
 
Temperature Calculation  
For the calculation of the cerebral temperature 𝑇, Pennes’ bio-
heat equation was used. It considers the heat exchange 
between blood and tissue, heat conduction in tissue and heat 
generation by metabolism:   
𝜌𝑇𝑐𝑇
𝜕𝑇
𝜕𝑡
= ∇(𝜆𝑇∇T) − 𝜌𝑏𝑙𝑐𝑏𝑙𝑣𝑏𝑙(𝑇 − 𝑇𝑎) + 𝑃𝑚𝑒𝑡,    (4) 
where 𝜌𝑇 is the density (
𝑘𝑔
𝑚3
), 𝑐𝑇 the specific heat (
𝐽
𝑘𝑔∙𝐾
) and 𝜆𝑇 
the thermal conductivity of the tissue (
𝑊
𝑚∙𝐾
), 𝑐𝑏𝑙  the specific 
heat and 𝜌𝑏𝑙  the density of blood, 𝑣𝑏𝑙  the volumetric perfusion 
rate of the tissue (
1
𝑠
), 𝑇𝑎 the arterial blood temperature (𝐾) and 
𝑃𝑚𝑒𝑡   the metabolic heat of the tissue (
𝑊
𝑚3
). According to the 
IT’IS Foundation database, 1049.75 
𝑘𝑔
𝑚3
 was assumed for 𝜌𝑏𝑙   
and 3617 
𝐽
𝑘𝑔∙𝐾
 for 𝑐𝑏𝑙 . The tissue parameters were taken from 
Pliskow et al. [18]. 
The blood perfusing the brain circulates via the venous 
system through the bloodstream of the remaining body, which 
affects 𝑇𝑎 and the systemic temperature of the remaining body 
𝑇𝑠𝑦𝑠. To model these influences, we adapted Pennes’ bio-heat 
equation neglecting the heat conduction and heat generation:  
𝑀𝑠𝑦𝑠𝑐𝑠𝑦𝑠
𝜕𝑇
𝜕𝑡
= 𝜌𝑏𝑙𝑐𝑏𝑙𝑞𝑏𝑙(𝑇𝑠𝑦𝑠 − 𝑇𝑏𝑟),         (5) 
assuming an average systemic heat capacity 𝑐𝑠𝑦𝑠 of 3470 
𝐽
𝑘𝑔∙𝐾
 
and a body mass 𝑀𝑠𝑦𝑠 of 75 kg. 𝑇𝑏𝑟  represents the mean 
temperature of the brain and 𝑞𝑏𝑙  the sum of all 58 terminal flow 
rates 𝑞𝑡𝑒𝑟𝑚,𝑖 . Concerning the outer most layer, we considered 
convection and radiation, assuming an ambient temperature of 
20 ℃ and an emission coefficient of an ideal black radiator 
(𝜖 = 1). 
Modeling TH: Our computational model aims to predict 
the cerebral temperatures during the treatment of ischemic 
stroke patients with selective TH, induced by an intra-carotid 
cooling catheter. In vitro experiments revealed a mean 
temperature drop between the catheter inlet and outlet of 
approximately 2.17 ℃ and 1.55 ℃ for flow rates of 250 
𝑚𝑙
𝑚𝑖𝑛
 
and 400 
𝑚𝑙
𝑚𝑖𝑛
  [2]. In this work, we assumed a temperature drop 
of 2 ℃.  
Influence of collaterals: The brain regions are not only 
perfused by the respective cerebral arteries. In our approach, 
we considered the effect of flow mixing for blood coming from 
the communicating arteries and from ipsilateral 
collaterals [19]. Therefore, a temperature mixing was realized:    
𝑇𝑥,𝑦 =
𝑇𝑥∙𝑞𝑥+𝑇𝑦∙𝑞𝑦
𝑞𝑥+𝑞𝑦
,      (6) 
with 𝑇𝑥,𝑦 being the resulting temperature after the mixing of 
the flows 𝑞𝑥 with temperature 𝑇𝑥 and 𝑞𝑦 with temperature 𝑇𝑦.  
Fig. 1: Left: sagittal view into the right hemisphere: cerebral tissue 
in blue, outer layers in grey. Right: overview of the simplified 
geometry. 
 
 
 
 
a) b) 
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For the influence of the ipsilateral collaterals, the mean 
temperatures in the respective areas were considered.  
3 Results 
Treatment with selective TH by the intracarotid catheter 
system was simulated for 60 minutes for the physiological 
case and the case of a 75 % and a 100 % stenosis in the right 
MCA. As initial temperatures for the calculation, the steady 
state values without cooling were used. 
The initial cerebral temperature, especially for the MCA 
supply area, was elevated for the ischemic cases (+ 0.2 ℃). 
Fig. 2 a) shows the average temperature of the entire brain 
(red) and the MCA supply area (blue) for the physiological 
case (dotted), the case of the 75 % stenosis (dashed) and the 
case of the 100 % stenosis (solid). In all cases, the cerebral 
temperature experienced the strongest decrease in the first 5 
minutes. In the MCA supply area, a cooling of 1.5 ℃ could be 
achieved in the physiological case, a cooling of 0.9 ℃ in case 
of the 75 % stenosis and of 0.1 ℃ in case of the 100 % 
stenosis. Afterwards, the decrease diminished, and the cerebral 
temperature followed the systemic temperature (compare 
Fig. 2 b)).  
The systemic temperature showed a nearly linear decrease of 
approximately 0.01 
℃
𝑚𝑖𝑛
 for all cases over the whole cooling 
period.  In contrast to the other cases, the temperature in the 
MCA supply area in case of the 100 % stenosis was higher 
than that of the entire brain over the whole cooling period. 
After one hour of cooling, the temperature of the MCA supply 
area decreased to 34.8 ℃ in the physiological case, to 35.4 ℃ 
in case of the 75 % stenosis and to 36.5 ℃ in case of the 100 % 
stenosis. The resulting temperature changes in 10 minutes 
intervals are listed in Table 1. Fig. 3 shows the spatial cerebral 
temperatures for the physiological case (top) and the 
pathological case of a 100 % stenosis (bottom).  
 
 
 
 
4 Discussion 
A quick decrease in temperature in the area of the penumbra is 
of major importance for the treatment of ischemic stroke 
patients. In our model, a temperature difference of almost 2 ℃ 
was predicted in the physiological case within 30 minutes of 
cooling. In the pathological cases, the decrease in temperature 
was significantly lower due to the reduced perfusion rates. 
Moreover, the blood temperature of the collateral flow 
affected the resulting temperatures. In case of the 100 % 
stenosis, the MCA supply area was only perfused by 
collaterals, in fact mostly by the blood originating from the 
PCA. The cooling catheter only affects directly the blood 
temperature in the right common carotid artery which 
branches into the ACA and the MCA, but not into the PCA. 
Unfortunately, a direct comparison of the resulting 
temperatures with human clinical studies is not possible as the 
catheter is still under development and the temperature 
measurements of cerebral tissue require invasive procedures. 
However, our results show a comparable course to measured 
data in sheep [20]. As in our studies, the cerebral temperature 
of the animals dropped strongly in the first few minutes, 
followed by a smaller approximately linear decrease. The 
temperature gradient in the animal studies was noticeably 
greater. However, it should be remembered that cerebral blood 
flows are greater in sheep than in humans. 
time 
in min 
physiological 75% stenosis 100% stenosis 
total MCA total MCA total MCA 
10 - 0.74  - 1.66 - 0.59  - 1.16 - 0.34 - 0.29 
20 - 0.88  - 1.83 - 0.74  - 1.35 - 0.48 - 0.51 
30 - 1.00  - 1.95 - 0.85  - 1.46 - 0.59 - 0.64 
60 - 1.32  - 2.27 - 1.14  - 1.76 - 0.84 - 0.91 
Fig. 2: Temperature decrease for selective TH in the physiological 
case (dotted), in case of the 75 % stenosis (dashed) and 100 % 
stenosis (solid). Left: brain: total cerebral tissue (red) and tissue of 
the MCA supply area (blue). Right: Systemic body. 
st
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t = 0 min t = 5 min t = 30 min 
Fig. 3: Spatial cerebral temperature for the physiological (top) and 
the pathological case of a 100% stenosis (bottom) in the initial case 
(left), after 5 (middle) and after 30 minutes (right).  
Table 1: Temperature decrease of cerebral tissue in ℃ over 
the time for different degrees of stenosis. 
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Limitations 
𝑉𝑡𝑒𝑟𝑚, 𝑖 𝐺𝑀  and 𝑉𝑡𝑒𝑟𝑚, 𝑖 𝑊𝑀  were narrowed down by studies of 
Ge et al. [9], Taki et al. [10], and Mut et al. [11]. The resulting 
supply areas of the CA’s correspond to the expectations 
emerging from anatomical literature: The MCA as the largest 
CA supplies the largest area, followed by the ACA and the 
PCA as the smallest CA. Furthermore, the suitability of the 
determined regions was confirmed by the resulting flow rates, 
which corresponded to the literature [7]. However, the 
cerebral tissue and terminal supply distribution could be 
improved using segmented MRI data sets. 
For the determination of 𝑣𝐺𝑀 and  𝑣𝑊𝑀, the investigation 
results of Parkes et al. [6] were used. Their ratio is 
approximately 2.2, which is within the range of the values 
found in the literature [21-22]. 
5 Conclusion 
In this work, a temperature model of the brain was created by 
means of a simplified head geometry. In interaction with a 1D 
hemodynamics model, the local cerebral tissue and blood 
temperatures were calculated for the treatment with selective 
TH using an intracarotid cooling catheter. In the pathological 
case, the cooling effect within one hour was significantly 
lower than in the physiological case. In this context, a 
significant influence of the ipsilateral collaterals on the 
temperature in the penumbra could be determined.   
The structure of the cerebral arteries and especially of the 
collaterals vary greatly between individuals. Our results 
underline the influence of collaterals on the effect of 
intravascular cooling. In this context, a larger simulation study 
regarding the degree of collateralization is needed to further 
analyze the respective influences.  
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